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The  vanadium  flow  battery  has  emerged  as  one  of  the  most  favourable  types  of  flow  batteries  for  a  number 
of  reasons,  including  the  lack  of  cross-contamination  that  troubled  many  earlier  systems  such  as  the 
Fe/Cr  flow  battery.  Because  the  vanadium  flow  battery  employs  the  same  metal  ion  in  both  electrolytes, 
albeit  in  different  oxidation  states,  there  is  no  cumulative  loss  in  performance,  just  an  effective  reversible 
self-discharge  current. 

The  self  discharge  that  occurs  in  the  vanadium  flow  batteries  is  limited  to  the  electrolyte  volume  in 
the  cells.  However  it  can  become  substantial  under  low  load  conditions.  The  pumps  also  use  power  from 
the  battery  and  may  be  considered  as  another  source  of  self  discharge.  Taking  these  and  maintenance 
considerations  into  account  the  layout  of  a  lOkW,  100  kWh,  48  V  vanadium  flow  battery  was  designed 
as  a  “Multi-Stage-Operation”  system  to  provide  maximum  performance  at  all  levels  of  load,  ease  of  use 
and  optimum  maintenance  conditions. 

Experimental:  A  complete  energy  storage  system  with  lOkW  in  power  and  100 kWh  in  energy  was 
designed.  It  consists  of  a  vanadium  flow  battery  with  smart  controller  and  configurable  power  elec¬ 
tronics  housed  in  a  weatherproof  housing.  The  battery  can  be  charged  and  discharged  at  up  to  10  kW  and 
provides  up  to  100  kWh  of  energy.  The  smart  controller  ensures  that  the  battery  operates  at  maximum 
efficiency  at  all  times  and  allows  remote  observation  of  various  battery  parameters,  including  a  reliable 
state  of  charge  (SOC)  measurement.  The  option  of  different  arrangements  of  power  electronics  gives 
almost  complete  freedom  in  specification  of  electrical  output  (dc,  single  or  three-phase  ac).  The  battery 
can  also  be  connected  to  photovoltaic,  wind  turbine,  diesel/petrol/gas/biogas  generators,  fuel  cells  and 
water  turbines  to  form  discrete  autonomous  power  supplies  or  to  be  part  of  a  micro-,  mini-  or  smart- 
grid.  The  FBI 0/1 00  battery  for  “Multi-Stage-Operation”  is  comprised  of  5  strings  of  36-40  cells  each  in 
3  separate  fluid  circuits.  The  first  fluid  circuit,  containing  a  single  string,  is  always  actively  pumped  with 
electrolyte  and  electrically  connected  to  the  charger  and  load.  The  second  and  third  fluid  circuits  contain 
2  strings  each  and  are  only  actively  pumped  and  electrically  connected  when  the  voltage  reaches  preset 
limits.  When  the  circuits  are  in  “standby”,  i.e.  not  actively  pumped  and  electrically  connected,  the  self 
discharge  is  limited  to  the  small  volume  of  electrolyte  in  the  cells.  There  is  also  a  significant  saving  of 
pumping  energy,  because  3  pairs  of  small  pumps  are  used  in  place  of  1  pair  of  more  powerful  pumps. 
Results:  In  “Multi-Stage-Operation”  mode,  the  overall  battery  performance  is  improved  significantly.  This 
is  very  important  in  off-grid  installations,  where  loads  are  typically  small  compared  to  the  power  levels 
necessary  for  charging;  i.e.  a  solar  powered  telemetric  station  may  use  500  W  continuous  power  but 
requires  fast  charging  due  to  the  narrow  time  window  when  solar  energy  is  available.  In  example,  at 
a  1  kW  load  the  battery  provides  25%  more  energy  when  operated  in  “Multi-Stage-Operation”  mode 
compared  to  all  stacks  in  operation. 

Since  2008,  several  power  station  have  been  equipped  with  FBI 0/1 00  storage  units  and  put  into  oper¬ 
ation.  Within  the  presentation  a  report  on  the  latest  results  including  technical  performance  and  cost 
issues  will  be  given. 
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1.  Introduction 

Batteries  with  flowing  electrolyte  have  been  around  since  the 
1 9th  century  [  1  ],  although  this  was  mainly  to  dislodge  gas  from  the 
electrodes.  There  were  also  early  hybrid  systems,  such  as  the  Zn-Cl2 
battery  [2]  and  redox  fuel  cell  [3],  which  were  typically  primary 
cells. 

The  first  reference  to  a  “modern”  redox  flow  battery  with  pumps, 
tanks,  reactors,  is  from  Kangro  [4,5].  This  included  a  range  of  sys¬ 
tems  and  also  applications,  for  example  with  wind  turbines,  and 
photovoltaics  as  UPS  systems. 

Although  a  few  other  systems  were  proposed  and  the  first  seri¬ 
ous  development  work  was  conducted  by  NASA  [6-9]  in  the  70s 
to  80s,  this  was  mostly  on  the  Fe-Cr  system.  Pelligri  also  sug¬ 
gested  vanadium  couples  in  1978  [10],  although  he  was  preceded 
by  the  NASA  work  and  vanadium  couples  had  been  proposed  for 
hybrid  systems  [3,1 1  ].  Skyllas-Kazacos  proposed  and  developed  the 
standard  vanadium  redox  flow  battery  with  sulphuric  acid  elec¬ 
trolyte  [12-18].  Sumitomo  Electric  Industries  had  originally  been 
developing  the  Fe-Cr  system  [19-24],  following  the  NASA  work, 
but  changed  to  the  vanadium  system  [25-27]  with  the  Australian 
developments.  Other  Japanese  companies  had  also  taken  part  in  the 
Moonlight  project  to  look  at  a  range  of  batteries,  including  redox 
flow,  such  as  Tohoku  Electric  Power  Co.,  Furukawa  Electric  Power 
Co.  and  the  Kansai  Electric  Power  Co.  [28,29]. 

The  vanadium  flow  battery  has  emerged  as  one  of  the  most 
favourable  types  of  flow  batteries  for  a  number  of  reasons,  including 
the  lack  of  cross-contamination  that  troubled  many  earlier  systems 
such  as  the  Fe/Cr  flow  battery.  Because  the  vanadium  flow  battery 
employs  the  same  metal  ion  in  both  electrolytes,  albeit  in  different 
oxidation  states,  there  is  no  cumulative  loss  in  performance,  just 
an  effective  reversible  self-discharge  current. 

The  self  discharge  that  occurs  in  the  vanadium  flow  batteries 
is  limited  to  the  electrolyte  volume  in  the  cells.  However  it  can 
become  substantial  under  low  load  conditions.  The  pumps  also  use 
power  from  the  battery  and  may  be  considered  as  another  source  of 
self  discharge.  Taking  these  and  maintenance  considerations  into 
account  the  layout  of  a  1 0  kW,  1 00  kWh,  48  V  vanadium  flow  battery 
was  designed  as  a  “Multi-Stage-Operation”  system  to  provide  max¬ 
imum  performance  at  all  levels  of  load,  ease  of  use,  and  optimum 
maintenance  conditions. 

In  summary,  the  vanadium  flow  battery  has  outstanding  prop¬ 
erties  over  conventional  batteries  due  to 

•  the  liquid  energy  carriers,  which  allow  individual  combinations 
of  energy  and  power  and  state  of  charge  reading, 

•  the  fact  that  only  one  metal  species  is  involved  in  the  electro¬ 
chemical  redox  reaction,  which  results  in  almost  unlimited  use  of 
the  energy  carrying  liquids  and  in  turn  is  an  important  economic 
factor  since  the  liquids  can  be  reused  without  recycling, 

•  the  chemical  reaction  upon  charging  is  of  an  endothermic  nature, 
giving  opportunity  to  charge  at  same  rates  as  discharges  can  be 
performed, 

•  the  electrode/current  collector  materials  are  robust  against  deep 
discharges. 

During  product  development,  the  unique  features  of  the  tech¬ 
nology  have  been  topped  by  a  functional  design.  This  includes: 

weather-proof  housing, 

intelligent  battery  control  and  temperature  management, 
state  of  charge  (SOC)  control, 
multi  stage  operation,  and 
remote  control  function. 


Fig.  1.  Cellcube  FB  10/100  overall  design  showing  fluid  lines  and  power  stacks. 

2.  Experimental 

Flow  battery  design  starts  with  the  application  requirements. 
Battery  design  for  off-grid  applications  in  remote  areas  with  the 
input  from  renewable  resources  will  have  to  focus  on  very  low 
power  consumption  for  pumps,  controls,  and  communication  sys¬ 
tem,  and  typically  have  power  to  energy  ratio  of  1:10  or  higher, 
depending  on  the  bridging  time  when  no  input  generation  is  avail¬ 
able.  On  the  other  hand,  batteries  for  weak  grid  support  require 
power  to  energy  ratios  of  1:1  or  lower,  depending  on  the  typical 
out  time  of  the  grid.  This  paper  describes  a  system  that  can  meet 
the  requirements  for  remote  off-grid  users. 

A  complete  energy  storage  system  with  lOkW  nominal  power 
and  100  kWh  energy  was  designed.  It  consists  of  a  vanadium  flow 
battery  with  smart  controller  and  configurable  power  electronics 
housed  in  a  weatherproof  housing.  The  battery  can  be  charged 
and  discharged  at  up  to  lOkW  and  provides  up  to  100 kWh  of 
energy.  The  smart  controller  ensures  that  the  battery  operates 
at  maximum  efficiency  at  all  times  and  allows  remote  obser¬ 
vation  of  various  battery  parameters,  including  a  reliable  state 
of  charge  (SOC)  measurement.  The  option  of  different  arrange¬ 
ments  of  power  electronics  gives  almost  complete  freedom  in 
specification  of  electrical  output  (dc,  single  or  three-phase  ac). 
The  battery  can  also  be  connected  to  photovoltaic,  wind  turbine, 
diesel/petrol/gas/biogas  generators,  fuel  cells  and  water  turbines  to 
form  discrete  autonomous  power  supplies  or  to  be  part  of  a  micro-, 
mini-  or  smart-grid.  In  Fig.  1,  a  picture  of  the  Cellcube  FBI  0/1 00  is 
shown. 

The  most  obvious  difference  to  other  flow  battery  designs  is 
the  position  of  the  tanks,  which  are  located  in  the  bottom  half  of 
the  container.  These  and  other  technical  details  are  shown  in  the 
technical  drawings  in  Fig.  2. 

The  Cellcube  FBI 0/1 00  battery  was  originally  designed  for  off- 
grid  applications  with  the  requirement  of  fast  charging  when 
sun/wind  is  available,  and  slow  discharging,  due  to  small  loads.  In 
such  a  case,  power  consumption  from  pumps,  and  self-discharge 
in  the  power  stacks  need  to  be  reduced.  For  this  application, 
the  “Multi-Stage-Operation”  was  constructed.  It  is  comprised  of 
5  strings  of  36-40  cells  each  in  3  separate  fluid  circuits.  The  first 
fluid  circuit,  containing  a  single  string,  is  always  actively  pumped 
with  electrolyte  and  electrically  connected  to  the  charger  and  load. 
The  second  and  third  fluid  circuits  contain  2  strings  each  and  are 
only  actively  pumped  and  electrically  connected  when  the  voltage 
reaches  preset  limits.  When  the  circuits  are  in  “standby”,  i.e.  not 
actively  pumped  and  electrically  connected,  the  self-discharge  is 
limited  to  the  small  volume  of  electrolyte  in  the  cells.  It  amounts 
33  W  per  string.  There  is  also  a  significant  saving  of  pumping  energy, 
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1  Fluidlines 

2  Pumps  (+)  Electrolyte 

3  Tank  (+)  Electrolyte 

4  Fluidlines  to  tank 

5  Tank  (-)  Electrolyte 

6  Pumps  (-)  Electrolyte 

7  Electrochemical  Cells=Stacks 

8  Valve 


1  Current  Collector 

2  Charge  Controler 

3  Inverters 

4  Flow  Battery  Controller  (FBC) 

5  DC  Fuses 

6  External  Switch  Cabinet 


Fig.  2.  (a  and  b)  Schematics  of  the  technical  layout  of  the  Cellcube  FBI  0/1 00. 


Fig.  3.  Schematic  layout  of  the  “Multi-Stage-Operation”  mode,  showing  number  and  position  of  pumps,  power  stacks  connected  to  strings  and  electrical  connections.  A  high 
current  switch  (HCS)  connects  and  disconnects  the  individual  strings  of  the  battery. 


because  3  pairs  of  small  pumps  are  used  in  place  of  one  pair  of  more 
powerful  pumps.  A  schematic  of  the  electrical  connections  and  fluid 
lines  of  the  multi  stage  system  is  given  in  Fig.  3. 

3.  Results 

3.2.  Battery  performance 

Battery  performance  is  given  as  charge  and  discharge  behavior. 
In  Fig.  4,  state  of  charge  (SOC)  in  %  and  DC-power  are  shown  as 
a  function  of  time.  The  battery  charges  at  12.61<W  in  the  low  SOC 
regime  and  up  to  about  47%.  Then,  charging  power  decreases  grad¬ 
ually  until  about  87%  SOC  has  been  reached.  From  then,  charging 
is  proceeding  slowly  due  to  a  pre-set  voltage  limit  to  avoid  hydro¬ 
gen  evolution  from  overcharging.  The  onset  for  voltage  controlled 
charging  results  in  a  sudden  drop  in  the  charging  power.  From  Fig.  4, 
it  can  be  seen  that  87%  SOC  are  reached  within  1 1  h  in  a  string  of  36 
cells.  This  SOC  indicates  the  typical  level,  up  to  which  the  battery 


12:00:00  14:24:00  16:48:00  19:12:00  21:36:00  00:00:00  02:24:00  04:48:00  07:12:00 

Fig.  4.  Cellcube  FBI  0/100  charging  power  and  state  of  charge  (SOC)  as  a  function  of 
time. 
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Fig.  5.  Cellcube  FBI  0/1 00  discharging  behavior  and  state  of  charge  (SOC)  as  a  func¬ 
tion  of  time. 


Fig.  6.  Cellcube  FB10/100  performance  at  1  kW  load  in  “Multi-Stage-Operation” 
mode  compared  to  “all  strings  pumping”. 


can  be  charged  easily.  In  order  to  decrease  the  charging  time,  more 
cells  will  have  to  be  added.  The  data  shows  stem  from  strings  with 
36  cells. 

In  Fig.  5,  discharge  of  the  battery  is  shown  as  a  function  of  time. 
It  can  be  seen,  that  constant  power  of  about  12.5  kW  is  given  off 
between  87%  and  28%  SOC.  This  regime  demonstrates  the  optimum 
operation  capacity.  Although  discharge  can  proceed  to  lower  SOC 
values  without  damaging  the  battery,  in  practical  use  the  battery 
capacity  will  be  limited  by  the  inverters  due  to  pre-set  voltage  lim¬ 
its.  Again,  with  more  cells  per  string,  more  capacity  could  be  drawn 
from  the  battery. 

In  “Multi-Stage-Operation”  mode,  the  overall  battery  perfor¬ 
mance  is  improved  significantly.  This  is  very  important  in  off-grid 
installations,  where  loads  are  typically  small  compared  to  the 
power  levels  necessary  for  charging;  i.e.  a  solar  powered  telemetric 
station  may  use  500  W  continuous  power  but  requires  fast  charging 
due  to  the  narrow  time  window  when  solar/wind  energy  is  avail¬ 
able.  In  Fig.  6,  state  of  charge  (SOC)  of  the  battery  at  a  1  kW  load  is 
shown  when  operated  in  “Multi-Stage-Operation”  mode  compared 
to  all  stacks  in  operation.  A  total  energy  of  about  25%  is  gained  using 
multi  stage  operation.  However,  there  is  also  a  disadvantage  using 
“Multi  Stage  Operation”,  and  this  is  due  to  the  response  time  to 
higher  loads,  which  is  needed  to  start  up  pumps  of  circuits  2  and 
3.  A  delay  time  of  up  to  1  min  is  observed  until  full  power  can  be 
delivered.  With  appropriate  power  management,  this  disadvantage 
can  be  easily  overcome.  When  all  3  fluid  circuits  are  in  operation, 
the  response  time  to  a  sudden  increasing  load  is  quite  fast.  In  Fig.  7, 
the  battery  response  in  terms  of  power  and  voltage  as  a  function  of 
time  is  shown  when  lOkW  halogen  lamps  were  switched  on.  The 
battery  provides  the  required  power  within  a  few  milliseconds. 


Fig.  7.  Cellcube  FBI  0/1 00  response  of  voltage  and  current  to  a  sudden  maximum 
load  as  a  function  of  time  with  “all  strings  pumping”. 


Table  1 

Cellcube  FBI  0/1 00  availability  at  different  output  powers  and  corresponding  DC 
battery  powers. 


DC  power  [kW] 

AC  power  [kVA] 

Available  discharging 
time  [h] 

2.2 

2 

44 

3.75 

3.6 

23 

6.1 

5.5 

15 

8 

7.2 

11 

8.15 

7.4 

10 

9.55 

8.65 

9 

11.9 

10.6 

5 

The  goal  of  the  product  design  was  to  achieve  a  turn-key  solu¬ 
tion.  The  parameters  important  to  the  customer  are  therefore 
related  to  output  data  such  as  AC  power  or  energy.  To  a  good  part, 
the  AC  output  power  is  related  to  the  size  and  quality  of  the  inverter. 
In  Table  1 ,  characteristic  DC  battery  powers,  corresponding  AC  out¬ 
put  powers  and  discharge  times  are  given. 

Another  important  feature  of  the  FBI 0/1 00  design  is  the  tem¬ 
perature  management  with  in  the  various  compartments.  The  two 
compartments  of  the  battery  are  both  vented  diagonally  with  air 
to  maintain  the  inside  temperature  at  a  certain  level.  The  battery 
operates  at  its  optimum  between  20  and  30 °C,  however,  care  has 
to  be  taken  not  to  exceed  temperatures  where  vanadium  pentoxide 
species  can  precipitate.  Precipitation  is  a  function  of  the  total  vana¬ 
dium  concentration,  SOC,  and  temperature.  Therefore,  the  system  is 
equipped  with  several  temperature  sensors  and  control  functions. 
Ventilation  is  used  to  keep  the  temperature  within  the  optimum 
operating  regime. 

In  Fig.  8  energy  output  at  different  power  levels  is  shown  as  a 
function  of  the  energy  consumed  by  ventilation,  pumps  and  con¬ 
trols  in  relation  to  the  energy  to  the  inverter.  At  all  3  power  levels 
shown,  the  energy  losses  are  less  than  10%. 

3.2.  System  cost 

The  total  initial  cost  of  the  storage  system  is  comprised  of: 
(i)  cost  related  to  power,  (ii)  cost  related  to  energy,  and  (iii)  cost 
related  to  balance  of  plant.  In  flow  batteries,  cost/kW  and  cost/kWh, 
can  be  related  to  the  cost  of  power  modules  and  the  cost  of  elec¬ 
trolyte  including  tanks,  and  sensors,  respectively.  The  remainder 
then  refers  to  the  balance  of  plant  cost  and  will  be  dependent  on  the 
ratio  between  power  and  energy.  By  simply  dividing  the  total  cost 
by  the  number  of  kWs  and  kWhs  without  the  information  on  the 
ratio  between  kW  and  kWh  has  no  meaning  for  comparison.  Since 
the  ratio  kWkWh-1  will  vary  from  different  product  designs,  it  is 
suggested  that  cost  comparison  among  energy  storage  systems  and 
grid  electricity  should  be  based  on  the  cumulated  energy  delivered 
over  the  lifetime  of  the  battery.  This  should  be  treated  as  a  business 
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Fig.  8.  Cellcube  FBI 0/1 00  Energy  output  at  different  load  levels  in  “Multi  Stage  Operation”.  Data  were  taken  at  different  temperatures  T2  >T1 ;  this  is  reflected  in  a  higher  energy  consumption  for  the  ventilation. 
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Table  2 

Cost  comparison  FBI  0/1 00  with  conventional  batteries. 


Description 

Unit 

Battery  type 

Mass  production 

Series  >1000 

Series  <20 

Series  >100 

Pb/acid  cheap 
quality 

Pb/acid  good 
quality 

Pb/acid  top 
quality 

Li-ion 

FB10/100 
stacks,  tanks, 
liquids,  pumps, 
controller 

FB10/100 
stacks,  tanks, 
liquids,  pumps, 
controller 

Sales  price 

€  kWh-1 

150 

200 

300 

1000 

Investment/installation 

€ 

15,000 

20,000 

30,000 

100,000 

70,000 

60,000 

Nominal  energy 

kWh 

100 

100 

100 

100 

100 

100 

Cycles  (50%  DOD) 

1200 

1,700 

2,000 

Cycles  (70%  DOD) 

3,000 

5,000 

5,000 

Cumulative  energy 

kWh 

60,000 

85,000 

100,000 

210,000 

350,000 

350,000 

Number  installations 

5.8 

4.1 

3.5 

1.7 

1.0 

1.0 

for  performance 

break  even 

Total  Investment  for 

€ 

87,500 

82,353 

105,000 

166,667 

70,000 

60,000 

performance 

breakeven 

Price  from  Investment 

€  kWcunT1 

0.250 

0.235 

0.300 

0.476 

0.200 

0.171 

Calculations  based  on  cumulative  energy  performance.  Costs  relate  to  battery  pack  only,  balance  of  plant  not  included.  O  +  M  costs  30-50%  higher  for  Pb/acid  batteries. 


case  with  initial  investment,  replacement  and  maintenance  cost. 
The  total  cost  over  the  lifetime  of  the  energy  storage  system  can 
then  be  expressed  in  €  kWhlifetime-1. 

Following  this  idea,  a  first  attempt  of  a  cost  comparison  with 
other  battery  technologies  was  made.  In  Table  2,  3  qualities  of 
Pb/acid,  Li-ion  and  V-flow  batteries  are  compared  on  the  cumu¬ 
lative  energy  basis  and  under  the  assumption  that  operation  and 
maintenance  costs  are  similar  for  all  battery  types  discussed.  In 
order  to  compare  the  sales  price  for  the  V-flow  battery,  stacks, 
tanks,  electrolyte,  pumps  and  controls  were  quoted  only.  The  nom¬ 
inal  energy  is  given  at  100  kWhs.  Typical  DOD  and  cycle  numbers 
were  taken  into  account  and  the  total  number  of  kWh  over  the  bat¬ 
tery  life  was  calculated.  The  maximum  energy  may  be  achieved 
by  the  V-flow  battery  due  to  number  of  cycles  and  this  total 
energy  value  was  taken  as  a  measure  for  the  cumulative  kWh 
comparison.  As  a  result,  the  V-flow  battery  will  achieve  the  low¬ 
est  price  kWh-1.  For  the  same  total  energy,  the  total  investment 
for,  i.e.  a  top  quality  Pb/acid  battery  will  be  €150,000,  and  in 
case  of  Li-ion  €240,000.  Although  the  initial  investment  is  rela¬ 
tively  high  for  V-flow  battery,  the  electrolyte  does  not  lose  value 
and  can  be  reused  in  a  new  installation.  This  will  be  another 
benefit  at  a  later  stage  and  was  not  taken  into  account  in  the 
discussion. 


Fig.  9.  Solar  electric  charging  station  at  the  SOLON  Headquarter  in  Berlin. 


In  general,  the  Vanadium  Flow  Battery  cost  is  mostly  related  to 
materials  cost  and  some,  but  less  than  10%  to  labor  cost.  Since  some 
of  the  cell  components  are  still  in  an  industrial  development  stage, 
there  is  also  room  for  cost  reduction  besides  economy  of  scale. 


„HOME  STORAGE"  100  kWh  daily  cycle 


Fig.  10.  Energy  storage  at  the  edge  of  the  grid  in  solar  homes  operated  by  the  local  grid. 
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3.3.  Applications 

The  Cellcube  FBI  0/1 00  unit  can  serve  in  a  large  variety  of  appli¬ 
cations,  which  can  be  categorized  in  4  market  segments: 

(a)  off-grid  power  supply  in  combination  with  renewable 
resources  from  solar  or  wind, 

(b)  on-grid  storage,  where  renewables  enter  the  grid, 

(c)  back-up  power  in  weak  grids  with  frequent  (daily)  power  out¬ 
ages,  and 

(d)  storage  to  support  grid  management  when  significant  amounts 
of  renewable  power  feed  into  the  grid. 

Since  2008,  several  power  stations  have  been  equipped  with 
Cellcube  FBI 0/1 00  storage  units  and  put  into  operation.  Of  these, 
the  most  attractive  applications  are  related  to  electric  mobility; 
fuelling  electric  cars  with  solar  energy  on  a  24  h  demand  side  pro¬ 
gram.  An  example  of  a  solar  filling  station  with  24  h  power  supply 
is  shown  in  Fig.  9.  Another  very  interesting  application  is  the  home 
storage  at  the  edge  of  the  grid,  especially  when  intermittent  power 
from  renewable  sources  is  generated.  A  schematic  of  such  a  home 
storage  is  shown  in  Fig.  10.  Solar  cells  on  the  roof  produce  electric 
power  that  can  be  used  directly  in  the  house  or  in  case  of  overpro¬ 
duction  stored  in  the  battery.  If  demand  from  the  house  is  exceeding 
solar  production,  electricity  will  be  taken  from  the  battery  or  the 
grid,  depending  which  is  more  economical.  On  the  other  hand,  the 
battery  is  operated  by  the  local  grid  and  can  be  used  as  interme¬ 
diate  storage  in  grid  management.  Although  the  storage  units  are 
relatively  small,  many  of  them  would  make  up  for  large  virtual  stor¬ 
age.  For  realization,  public  private  partnership  models  need  to  be 
developed  in  terms  of  ownership,  rights  and  duties.  For  evaluation, 
economic,  social,  and  environmental  issues  have  to  be  considered 
in  a  straightforward  and  fair  manner. 

4.  Conclusions 

The  strategy  employed  by  the  vanadium  redox  flow  battery, 
Cellcube  FBI 0/1 00,  in  “Multi-Stage-Operation”  is  shown  to  give 
more  efficient  use  of  the  stored  energy  than  the  standard  single 


stage  operation.  The  first  systems  have  been  installed  with  renew¬ 
able  power  supplies  to  provide  24  h  off-grid  electricity  for  mobility 
applications.  In  comparison  with  other  battery  technologies,  vana¬ 
dium  flow  batteries  require  less  investment  per  delivered  kWh 
over  the  battery  life.  Large  scale  applications  will  depend  on  local 
regulations  rather  than  cost  issues. 
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